A stack of annular detectors made of high purity germanium was used to measure p + d → 3 He + π 0 and p + d → 3 H + π + differential and total cross sections at beam momenta from 900 to 1050 MeV/c. The total cross sections are consistent with ∆-excitation. The differential data consist of two components. One corresponds to large momentum transfer from the projectile to the pion, the other to small momentum transfer. The former shows an independence of the slope as function of the momentum transfer t (scaling). The scale parameter is different for π + and π 0 emission which violates isospin symmetry. The second component which is almost isotropic is in agreement with isospin symmetry. It is approximately a quarter of the total yield in the ∆ resonance region.
We have previously reported measurements of the reactions p + d → 3 He + π 0 and p + d → 3 H + π + at beam momenta of 750, 800, and 850 MeV/c [1] . The three momenta correspond to the range of ∆-excitation below its maximum. While the angular distribution at 750 MeV/c shows an almost exponential dependence of the cross section on cos(θ ) (all quantities are in the centre of mass frame), a second component showed up at 850 MeV/c. This new component has a less steep dependence than the other one. It corresponds to large momentum transfer from the projectile to the recoiling ion or small momentum transfer to the pion. In order to study this component further, we have continued the measurements to higher beam momenta, corresponding to the maximum of the ∆-excitation and above.
The measurements were performed with the germanium wall [2] of the GEM detector system. It is a stack of annular diodes made from HPGe. The first detector (quirl) is position sensitive by segmentation with 200 Archimedes spirals on the front and rear side with opposite orientation. Each spiral from the front side crosses a spiral from the rear side, thus defining 40 000 pixels. This quirl detector is 1.3 mm thick with a 5.8 mm diameter hole in the centre. It was followed by two detectors (pizzas) segmented into 32 wedges each. Each of these pizza detectors is 17 mm thick. The whole setup stopped protons up to 129 MeV completely. It accepts particles emitted between 50 mrad and 280 mrad. The energy resolution of these detectors was better than 1 × 10 −2 and excellent particle identification was obtained. The geometry allowed the detection of 3 He ions with 100% efficiency, while for 3 H this is true only for the lowest beam momentum. Efficiency losses due to nuclear interactions are corrected by using the formulae of Machner and Razen [3] . Additional details are given in Refs. [1, 2] . The only difference from the previous experiment was the thickness of the liquid deuterium target, which was 2.2 mm compared with 6.4 mm in the earlier experiment. The thinner target resulted in less straggling especially for the low energy 3 He ions.
The counts for each angle interval are treated as function of momenta and missing mass. A Gaussian and smooth polynomial were fitted to the resulting spectra in order to eliminate background. Finally, from the fitted parameters integrals of the Gaussians were deduced and converted to cross sections for the corresponding interval. All numbers given are in the centre of mass system. This procedure yielded the angular distributions shown in Figs. 1 and 2 .
The angular distributions show an exponential slope for the ions emitted backward in the cm system. In addition there is an almost isotropic component which is visible in the range where the exponential component is negligible. This is the range of large momentum transfer from the projectile to the ion. In order to study this effect in more detail we have investigated the relativistic invariant matrix elements |M| which are defined by
The indices are according to the two body reaction a + A → b + B. s i denote the spin of the particle in the final channel, p * i the centre of mass momenta. W i is the total energy of the particle i and s the total energy squared. t is the squared four momentum transferred from a to b with b being the meson. It is equivalent to study |M(t)| 2 instead of dσ/dt because of
which means that the whole t-dependence is contained in the matrix elements squared. In Figs. 3 and 4 we compare the t-dependencies of the matrix elements squared. In the following we will include our previous measurements [1] without further notice. This comparison indicates that the behaviour of the matrix elements squared is the same as the angular distributions: an exponential component plus an almost t-independent part. However, now the slopes of the steeply falling contributions are parallel. In order to show this quantitatively we have fitted the function
to the data. The exponential is valid for absorption on a black disc. Legendre polynomials can be replaced by a Bessel function through an expansion [4] . In semiclassical approximation and for large momentum transfer the cross section is given by the above exponential form [5] . Such a form was frequently used phenomenological parametrisation in the analysis of t dependencies. However, at the present energies we are away from the case of a black disc and hence the minimum in the Bessel function is washed out.
To take this into account we have chosen the above form which was found to account best for the data. However, also other forms like Gaussians for the exponential part and linear dependencies for the flat part have been tried. These more complicated fits lead usually to larger error bars without improving the fits. We, therefore, stick to the above most simple form. The results are rather uniform values for b. Such a behaviour is known as scaling with b the scale factor [6] . They are
for the momentum transfer to the π 0 and π + emission, respectively. These mean values are shown in Fig. 5 together with the fitted values. The results do not change when more complicated functions for the non-exponential part were applied. Different slope parameters for the two reactions are a sign of isospin symmetry breaking.
It is noteworthy that the errors in b are only 1% for π 0 and 2% for π + although η = p * π /m π , the dimensionless pion momentum varies from 0.807 to 1.911 for π 0 production. Such a constant behaviour is predicted in the Glauber model [7] [8] [9] [10] [11] and was found in elastic p + d scattering in the present momentum range and above [12] . The Glauber model was also applied by Kölbig and Margolis [13] to meson production on nuclei. They found the steeply rising component to be due to coherent meson production while the almost isotropic component is due to incoherent production. They also found that the diffraction minima of the coherent component are washed out at small meson momenta.
We then fitted Eq. (3) to the data but kept b fixed to the above given values and fitting only the parameters a and c (see Table 1 ).
The fits for the 3 He + π 0 have usually a higher quality than those for the 3 H + π + channel. The large χ 2 value for the latter reaction at 750 MeV/c is probably due to the fit function being not appropriate in this case. Neglecting the constant already leads to a reduction to 3.4. It is not too surprising that the two cases with large deviations of the b-parameter with respect to the mean have also large χ 2 -values. Fig. 7 . This part of the differential yield seems to fulfill isospin symmetry. We, therefore, have multiplied the fit results for the 3 He + π 0 final state by the isospin Clebsch- Gordan factor of 2. A smooth curve is fitted to the data to guide the eyes. The maximum at η ≈ 1.3 is below the centroid of the ∆ resonance. For comparison: the maximum of the pp → dπ + reaction is η ≈ 1.55 which corresponds to a centroid of the ∆ resonance of 1223 MeV/c 2 (Ref. [14] ). However, the corresponding cross section does not only depend on c but also on the kinematically allowed range of the momentum transfer interval. In order to be more precise we have extracted the total yield for this component. These results are shown in Fig. 8 . The cross section is essentially zero for beam momenta less than 750 MeV/c. From 800 MeV/c on they are approximately 25% of the total cross section and their momentum dependence shows again the underlying excitation of the ∆ resonance as can be seen from the downscaled excitation function for the pp → dπ + reaction which is also shown. The values for charged pion is slightly smaller than for the neutral one, however, this is not significant when one looks to the error bars. We have calculated the ratio for the cross sections of the two reactions, excluding the values at 750 MeV/c which are almost zero, and indeed get a mean of 1.89 ± 0.04 (χ 2 /nfree = 0.6) which is smaller than two. The underlying reaction mechanism is presently unclear. It must be a more complicated process than the one for the strong component, since it is almost independent of momentum transfer. The nonexistence below a certain excitation energy and its coupling to the ∆ may shed light on this mechanism.
We may simply relate the slope parameter to the strong absorption radius of the optical model
For the results Eq. (4) we get R = 1.622 ± 0.008 fm and for Eq. Most models applied to the present reactions are variations of the so-called spectator model [16] . The t dependence is due to a form factor containing the deuteron and A = 3 wave functions and the more elementary NN → dπ cross section. One would naively expect R to scale with the 3 He and triton wave function. However, the present finding is in contrast to the results for the charge radii from electron scattering [17] r ch ( 3 He) = 1.959 ± 0.030 fm > r ch ( 3 H) = 1.755 ± 0.086 fm. Since the Coulomb energy between the charged pion and the triton is rather small, the present effect is more likely due to the Coulomb force between the two protons in the 3 He wave function. In the entrance channel we are dealing with the same system. Therefore, another possibility for the different radii may be different forces between the pions and the A = 3 systems for the present partial waves involved.
Total cross sections were extracted by fitting Legendre polynomials to the angular distributions. The fits yield values for χ 2 per degree of freedom around 1 and are therefore better suited to extract the total cross sections than using the fits to the matrix elements with the rather stiff form of Eq. (3). These total cross sections are shown in Figs. 9 and 10 as function of the dimensionless pion centre of mass momentum η.
Also shown are the world data, to the best of our knowledge. These data were in most cases derived by us from Legendre polynomial fits to differential cross section data. Cross sections from pion absorption were transformed by applying detailed balance. In case of the p + d → π 0 + 3 He reaction existing data are primarily in the threshold region. For the p + d → π + + 3 H reaction there were more data, especially from pion absorption. However, they have rather large error bars, although only statistical errors are shown. Also shown is the excitation function for the p + p → dπ + reaction properly adjusted. The wide peak around η ≈ 1.6 is due to ∆ excitation. The total cross sections in the peak region follow this dependence. From the scaling factors the validity of isospin symmetry for the total cross sections may be inferred. If we calculate the ratio of the total cross sections for the two reactions a value of 1.88 ± 0.3 with a χ 2 /nfree of 1.2 is obtained.
In summary, we have measured differential cross section for the two reactions p + d → π 0 + 3 He and p + d → π + + 3 H in the range where the cross section is expected to be dominated by excitation of the ∆ resonance. The angular distributions show two components: one strongly increasing with momentum transfer to the pion and a smaller one almost independent of momentum transfer. A parametrisation of the cross section in a Lorentz invariant form as dσ/dt ∝ a exp(bt) + c yields constant values for b the scale parameter, but different for the two reactions. Surprisingly, the quantity a does not carry the information of the isospin factor but the scale parameter b. The reaction mechanism for the momentum independent component ∝ c(t max − t min ) must be of complicated nature and needs further studies. Its onset corresponds to the threshold for the free NN → dπ reaction at η ≈ 0.9.
